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ABSTRACT 
The Knoop hardness experiment was conducted to study the an- 
isotropic behavior of pure Nb, Nb-l%Zr, and pre-strained Nb single 
crystals.  The main objective of this investigation was to examine 
the effect of lattice distortion by dislocations formed during pre- 
straining and substitutional alloying elements on the Knoop hardness 
anisotropy. 
For pure Nb single crystals, the results agreed with the data 
reported in the literature. 
For Nb-17oZr single crystals, an increase of about 25 KHN units 
was observed in all directions on various planes except in the 
< 100 > direction where an additional 10 units was observed.  The 
hardness anisotropy was observed to be very similar to that of pure 
Nb single crystals.  It is concluded that a uniform  distribution 
of Zr atoms results in a homogeneous increase in hardness. 
For deformed crystals, Knoop hardness profiles in all the planes 
followed the trend of undeformed crystals.  The increase in hardness 
depends on the dislocation density.  For crystals, after stage I 
deformation, only a slight increase in hardness was found; whereas 
after stage II deformation, a large increase in hardness was observed. 
Moreover, a distinguishable variation in hardness for different 
orientations of the planes of a family was also detected.  Hence the 
theory of direction dependence and plane independence is no longer 
strictly held in the deformed crystals, although a satisfactory 
result has been obtained in undeformed crystals. 
For all planes examined, the < 100 > direction possessed the 
highest hardness while the < 110 > direction gave the least hardness, 
From the hardness profiles, it can be concluded that the Knoop 
hardness anisotropy is dominated by crystal geometry.  Lattice dis- 
tortion by alloying elements and dislocations can cause a consider- 
able increase in hardness, but its effect on anisotropy is only 
secondary. 
I. Introduction and Literature Survey 
The hardness property of a material is related to its resistance 
to abrasion, scratching and cutting; to plastic deformation; and to 
its elastic modulus, yield strength and ultimate strength.  Due to 
the complexity of the stress state involved and the deformation 
modes around the hardness indentation ensuing the applied load, hard- 
ness property analysis is extremely difficult.  However, the relative 
ease of performing such a test has encouraged the use of hardness to 
indicate the mechanical behavior and/or microstrueture of heat- 
treated steels,  despite the obscure physical meaning associated with 
it.  Even so, an agreeable relationship between hardness number, e.g., 
Rockwell hardness or Brinell hardness number, and mechanical strength 
(yield strength or ultimate strength) was tabulated for many poly- 
crystalline metals and has since been extensively used where an 
actual strength test is unrealistic. 
The mechanical anisotropy of a single crystal under plastic 
2 deformation is well known.  Since hardness tests involve plastic 
deformation, it is readily understood that hardness may also be 
dependent on the orientations of the crystals.  The anisotropic 
nature of hardness has been confirmed in single crystals through the 
use of the Knoop hardness indenter which was designed in such a 
geometrical shape that the size of the unrecoverable indentation is 
3 
very sensitive to the orientation of the crystal. Windhe11 in 1945 
4 
and Thibault and Nyquist  in 1947 reported the directional hardness 
of minerals.  In 1949 Daniel and Dunn showed the anisotropy of Knoop 
hardness of silicon ferrite and zinc single crystals.  Besides the 
periodic variation of hardness associated with the periodic nature of 
crystallographic (low index) planes, they also found that the mag- 
nitude of the variation in the hardness on a given plane depended on 
the orientations of the crystallographic planes.  Furthermore, they 
provided a theoretical treatment to correlate the Knoop hardness 
numbers and the effective resolved shear stress (ERS), a modification 
of the Schmid primary slip resolved shear stress.  The anisotropic 
behavior of the silicon ferrite crystals could be explained fairly 
well by this model, but not that of a zinc single crystal.  This lack 
of agreement necessitated several subsequent extensions and alterna- 
tive models. 
Instead of considering a tensile force, as in Daniel and Dunn's 
treatment, Feng and Elbaum in 1958, and subsequently Garfinkle and 
Garlick in 1968, ultilized compressive force, which is perpendicular 
to the indenter facet.  Like the earlier result, when all possible 
slip systems were considered, agreement between theoretical predic- 
tion and experimental data was limited to only a few cases. 
Apparently the consideration of a pure slip mechanism is insufficient 
to explain Knoop hardness behavior.  In Garfinkle and Garlick's work, 
it was demonstrated that f.c.c. (face-centered cubic) and b.c.c. 
(body-centered cubic) crystals have very similar anisotropic 
characteristics.  But for ionic f.c.c. crystals, e.g., LiF, the 
anisotropic characteristic differs significantly from cubic metals 
4 
because the maximum Knoop hardness is shifted from the < 100 > 
8 direction to the < 111 > direction.  Later Brookes et al.  repeated 
Garfinkle and Garlick's work on LiF and obtained the same results. 
Again they proposed a new model, which was actually an extension of 
Daniel and Dunn's model, to explain the Knoop hardness anisotropy of 
crystals based on the activation of single slip system beneath each 
facet of the indenter.  Considering the < 110 > { 110 } slip systems 
of rock salt (NaCl) crystal structure (LiF is a member), they 
predicted a higher Knoop hardness number in the < 110 > direction, 
9 
which agreed with their experimental data. More recently Chin et al. 
made Knoop hardness tests on a large number of halide crystals such 
as NaCl, KC1 and KBr etc. Their results showed that the hardness was 
consistently greater when the long axis of the indenter was aligned 
with the < 100 > direction.  This was in agreement with the findings 
of Combes et al.   The discrepancy between the data of Brookes and 
Chin should not necessarily be ascribed to errorjs involved in      , f 
experimental measurements, but might be due to the fundamental 
response of the different materials of the same crystal structure and 
slip systems.  Therefore, a Knoop hardness model which only takes the 
primary slip system into consideration may not be able to explain the 
difference in hardness profiles in the same crystallographic planes 
of different materials having the same crystal structure (e.g., NaCl 
and LiF).  In addition, any model based on atomic packing is also not 
feasible in characterizing the similarity in Knoop hardness profiles 
of f.c.c. crystals and b.c.c. crystals, e.g., Al and Nb crystals with 
5 
,/ J 
different atomic packing order in the lattice. 
More recently, Wonsiewicz and Chin  proposed a theory of Knoop 
hardness anisotropy, based on the assumption that deformation due to 
Knoop indentation is under plane strain condition with the long axis 
of the indenter as the zero-strain direction, while the other two 
principal directions take on a range of orientations depending on the 
location within the deformed volume.  By using the Taylor-Bishop- 
13,14 
Hill  '  strength factor M of crystal plasticity and strain hardening 
exponent n, they averaged the plane strain strength over all orien- 
tations and obtained the simple relation for Knoop hardness number 
given below. 
KHN = k ( M )n+1 (eq. 1) 
average 
where k is a constant. 
Their arguments cover both the slip system and the work hardening. 
The assumption seems to be reasonable, since the deformation caused 
by indentation varies with the directions within the volume, and the 
work hardening exponent varies with materials and crystal systems. 
From their analysis, results of quantitative calculation for { 111 3 
< 110 > or { 110 } < 111 > slip on { 100 } , { 110 ) , { HI 3 , and 
{ 210 3 planes agreed with the published data. 
To date almost all the works on Knoop hardness anisotropy has 
J 
been concentrated on crystals in the annealed or as-grown state.  No 
data were available in the literature concerning the anisotropic 
6 
behavior of a crystal in the mechanically distorted state, e.g., 
unidirectional tensile or compressive deformation; although some 
15 
reported on the hardness of textured metals.   It is well known 
that during simple distortion such as unidirectional tension or 
compression the slip mechanism does not affect the crystal structure, 
but it does increase dislocation density and distort the crystal 
lattice.  The preformed dislocation distribution and lattice dis- 
tortion should have some effect on the deformation modes caused by 
the application of an indenter.  Under pre-straining would Wonsiewicz 
and Chin's model still be valid, and if it is not, what type of 
modification need be imposed to provide a satifactory interpretation? 
The objective of the present investigation is to study the effect of 
substitutional alloying elements and cold work due to tensile and 
compressive pre-straining on the Knoop hardness anisotropy and the 
extent to which these two lattice distortion mechanisms can be 
employed to predict such an effect. 
^ 
II. Experimental Procedures 
1. Crystal Growth 
The materials used in the current investigation were of 
commercial purity. The purity of "pure" niobium was about 99.85% 
with other elements balanced while that of the alloy was niobium 
with 1% zirconium.  Besides the inherent impurities, crystal growth 
and subsequent specimen preparation might have introduced some other 
elements.  The total quantity of the entrapped elements was very 
small, and it is reasonable to ignore their possible effect, since 
the present investigation was not aimed at the possible effects of 
trace impurities. 
Nb and Zr are known as refractory metals because of their high 
melting points.  Both are extremely reactive at temperatures in the 
vicinity of their melting points.  The conventional Bridgman 
technique for ordinary crystal growth, therefore, cannot be used 
since there are no suitable mold materials available.  Hence a MRC- 
EBZ-93A floating zone high vacuum melter was used to grow single 
crystals of the above mentioned materials.  Fig.l illustrates a , 
schematic sketch of an ordinary floating zone melter. 
The basic heat source in the floating zone melter is an incandes- 
cent thoriated (Th) tungsten (W) filament formed in the shape of a 
single loop around the specimen and emits thermionic electrons to a 
degree proportional to its absolute temperature in accordance with 
Richardson's Law.  These electrons are then accelerated towards the 
8 
raw specimen by a potential drop between the filament and the raw 
specimen. The beam of accelerated electrons is focused by the 
geometry of the filament enclosure so that it bombards the raw 
specimen. The electrons provide the heating source for the zone 
melting process by transferring their kinetic energy into thermal 
energy.  By adjusting the filament current and the magnitude of the 
potential drop the quantity of the thermionic electrons and their 
kinetic energy can be controlled to give approximate fusion heat 
supply.  The melting zone of the specimen is held in position by 
its own surface tension, and by moving the filament, the molten 
zone can be made to propagate upward or downward depending on the 
direction of filament motion, as shown in Fig. 2.  From Fig. 3 the 
melting point of both pure Nb and Nb-l%Zr is around 2500°C.  The 
optimal operating conditions for the present case of a quarter inch 
diameter charge were: 
j 
Filament voltage = 6 dc V 
Filament current = 10 dc A 
External voltage drop = 3.6 kV 
External current supply = 180 mA. 
The preferred growth orientation of Nb is close to [ 110 ] while 
that of Nb-17oZr is [ 100 ]. Through X-ray diffraction and single 
12 
crystal split technique,  the orientation of the single crystal can 
be controlled.  In this investigation both [ 100 ] and [ 110 ] 
9 
orientations of Nb and Nb-l%Zr were used. 
2. Crystal Deformation 
Two types of unidirectional deformation, tensile and 
compressive, were conducted with the standard Instron machine at 
constant strain rate and room temperature conditions.  Three Nb 
single crystals with [ 100 ] orientation were deformed to different 
stages under tensile loading.  The gauge length was about 1.5 inches 
with a specimen diameter of-about 0.25 inches. 
The first crystal, designated as Dl, was deformed with a strain 
rate of 0.02 inches per minute until the onset of yielding.  The test 
was terminated at the onset of stage I at a strain about 2.5%.  The 
second crystal, designated as D2, was deformed with the same strain 
rate to about 10% elongation which was within stage I.  The third was 
deformed under tension up to stage II, but the development of 
inhomogeneous deformation and the large reduction of cross-section 
when stage II was reached made it impossible to prepare a hardness 
test specimen.  So the third crystal was discarded.  Instead a fourth 
crystal with [ 110 ] orientation, designated as D3, was elongated up 
to about 24% and was in stage II in the stress-strain curve. 
( 
As for the compression test, a specially designed compression 
jig (Fig.4) was used.  The purpose of the compression test was to 
check whether the sense of the applied load had any effect on the hard- 
ness behavior constrasted  with the tensile test, since an effect of 
the sense of loading on deformation has been observed on single 
crystals. For this reason a crystal designated as D4 was compressed 
10 
to about 4%, (teflon strips were inserted in between the jig and the 
specimen to eliminate the constraint due to surface friction). As 
will be shown later, it turns out that the sense of loading had 
little effect on the hardness behavior. 
3. Specimen Preparation and Testing 
A. Specimen Cutting 
Crystals grown in the floating zone melter were cut by an 
electron discharge machine (EDM) made by the Material Research 
Corporation of England.  The EDM cutting can avoid the unnecessary 
introduction of mechanical distortion.  The single crystal rod cut 
to a length of about 3 inches was then mechanically ground on both 
ends with up to 600 grit emery papers.  The ground ends were chemical- 
ly polished to eliminate the work hardened layer for X-ray orientation 
determination followed by either direct EDM cutting to prepare the 
hardness test specimen or deformation. 
B. Orientation Determination 
The orientation of the crystal for deformation, controlled 
plane cutting for the hardness test, and the final azimuthal angle 
marking were determined by X-ray diffraction with a Laue back- 
reflection technique.  The white X-ray was generated in a copper tube 
with an operating voltage at 30 kV, current at 25 mA. The diffraction 
pattern was photographed on Polaroid film, over a 3-minute exposure 
and 3 centimeters standard distance between film and specimen. The 
precise orientation of the crystal was then obtained by transferring 
the diffraction pattern into stereographic projection by using the 
11 
Greninger chart. 
The accuracy of the stereographic projection from an X-ray 
pattern is about 1 degree. The precise controlled plane cutting was 
done by mounting the crystal on a goniometer. Any desired crystallo- 
graphic plane could be obtained by simple adjusting the angles given 
by the stereographic projection. Accordingly, { 100 } > { 110 } , 
{ 111 } , { 112 } and the primary slip plane in deformed crystals 
were cut from pure Nb and Nb-l%Zr crystals. 
. C. Specimen Preparation for Knoop Hardness Test 
Bakelite and lucite mounting techniques were unacceptable 
because of the possible introduction of mechanical distortion and 
annealing during the mounting process. Also, the final chemical 
polishing process eliminates some cold mounting materials owing to 
the highly reactive solution: 70 HN0„ , 30 HF by volume.  Poly- 
ethylene was therefore used as a mounting material due to its 
chemical inertness and low melting point.  The specimens were careful- 
ly embedded into molten polyethylene confined within a plastic 
cylinder (1 inch diameter and 1 inch height).  The specimen surface 
should be as parallel to the mount surface as possible or else the 
orientation of the plane would be disturbed greatly from the desired 
orientation through the successive grinding and polishing processess. 
The grinding process was roughly the same as the previous 
practice except that after going through 600 grit emery paper the 
specimen was polished with 6-micron diamond paste followed by 1-micron, 
0.3-micron and 0.06-micron emery alumina.  Finally the specimens were 
12 
chemically polished for about 4 minutes to remove any possible 
mechanically distorted layer introduced by the previous procedures. 
Having undergone these procedures, the specimen was once again 
mounted on the goniometer for checking the orientation and for mark- 
ing the azimuthal angles.  There was practically no way to have the 
exact predesigned orientation because some error is likely to be 
introduced during the preparation procedures.  Fortunately the 
orientations for undeformed crystals were within 2 degrees of the 
desired orientations as shown in Figs. 5 to 8, while those of the 
deformed crystals, due to the rotation of crystal axis and lattice 
distortion which affect the diffraction pattern and thus the precision 
of the plane cutting,were within 4 degrees. A typical diffraction 
pattern of a deformed crystal is shown in Fig. 9.  The diffraction 
spots become asteriated. 
From the diffraction pattern and the corresponding stereographic 
projection, a fiducial line along the < 110 > direction was drawn on 
the mount surface for each specimen since this was the common 
direction for all cut planes.  Other low index directions were also 
marked in their relative positions according to the angle between them. 
D. Knoop Hardness Test 
Hardness tests were conducted with a Tukon microhardness 
tester.  This is a very versatile tester for performing both Knoop and 
Vicker hardness tests with a load as low as a couple of grams to as 
high as a few kilograms with reproducible accuracy.  It consists of 
a level supported at the fulcrum with an indenter attached to one end 
13 
and a pre-set load to the other, a vertically moving sample stage and 
a microscope unit for measuring the indentation size. 
The operating mechanism of this tester is rather simple.  The 
sample is placed on the sample stage which is electrically driven 
towards the indenter. Once the sample surface touches the indenter 
and the load reaches the pre-set value, the driving system is auto- 
matically cut off. After about 15 seconds of loading, the sample 
stage will automatically lower and release the load.  By examining the 
specimen with the attached microscope and the filar micrometer, the 
size of the indentation can be measured in the filar units, which can 
be converted into real length by multiplying with a proper conversion 
factor.  The hardness number can thus be obtained by referring to a 
table. 
The Knoop hardness indenter is made of diamond with an extension 
of 170°30' in the longitudinal direction and 130° in the transverse 
direction. 
In this investigation, owing to the limitation of the size of the 
specimen and the number of directions in each plane, only five tests 
were performed for each direction, with 100 gram, loads. The spacing 
of two adjacent indentations was chosen to be about 10 units of the 
transverse width of the indentation to avoid any possible interaction 
between the plastic regions around the indentations.  Fig. 10 shows a 
typical Knoop indentation.  It is very clear that the slip traces 
around the indentation were very profound in the region near the 
transverse direction and almost undetectable at the tip of the 
14 
longitudinal direction.  This might give the evidence to the plane 
strain assumption of Chin's model. 
15 
III. Experimental Results and Analysis 
1. Knoop Hardness of Pure Nb 
The Knoop hardness numbers (KHN) of Nb single crystals in 
various directions lying on ( 001 ) , ( Oil ) , ( 111 ) and ( 112 ) 
planes are shown in Figs.11 to 14 respectively. The value for each 
direction is the arithmetic average of five tests with a variation of 
+ 2%.    According to the crystal symmetry, only 90-degree intervals were 
needed for measurements on each plane. The results except for the 
relative magnitude are in agreement with the previous work of 
16 7 
Douglass  and Garfinkle and Garlick . In all planes tested the 
greatest hardness was in the < 100 > direction and the least in the 
< 110 > direction.  The present results have a consistently lower 
hardness in all directions as compared to the above mentioned studies. 
The difference might be due to the impurity content, crystal growth 
technique or specimen cutting and preparing technique. These factors 
may be responsible for the low reproducibility of hardness testing. 
17 18 
Alexander et al.  and Rieck et al.   also observed the same hardness 
anisotropy profile in other b.c.c. crystals, e.g., vanadium,chromium 
and tungsten, confirming the similarity in the Knoop hardness 
behavior in b.c.c. metals. 
Garfinkle et al.  also pointed out that the Knoop hardness an- 
isotropy was dependent essentially on the direction of the long axis of 
the indenter alone and not on the plane.  Hence, for the same direction, 
on different planes, the Knoop hardness number should be the same. Chin 
16 
19 
et al. reported similar phenomena on crystals of SrFn , BaFn , NaCl 
and AgCl, which have different primary slip systems.  Douglass, 
however, showed a large difference in hardness between low-index 
planes and high-index planes for the same direction.  For example, 
the KHN in the < 110 > direction is about 33 for the { 133 3 plane 
and 63 for the { 110 } plane.  For all planes tested by Douglass, the 
results generally showed that the high-index planes had much lower 
KHN than the low-index planes.  It seems that the plane independence 
of hardness is only valid for high symmetry, low-index planes. This 
has been noted in the present work and in Garfinkle's and Chin's 
works. 
Table 1 shows the KHN of all the directions and planes tested for 
pure Nb single crystals.  Since the < 110 > direction is common to all 
planes and has a tendency to exhibit the least hardness, a normalized 
ratio R (hardness in the < hkl > direction / hardness in the < 110 > 
direction) is listed.  It is evident that the { 100 } plane has the 
strongest anisotropic character with R   equal to 1.508 followed by 
{ 110 } , { 111 } , and { 112 } planes with R   values at 1.325, 
nicix 
1.143 and 1.125 respectively. 
Careful examination reveals that directions in the same family 
lying in the same plane have nearly the same hardness numbers, while 
those lying in different planes exhibit slight variation.  For 
example, the < 110 > direction of { 100 } plane has a lower hardness 
than other planes. 
From the above data we can conclude that pure b.c.c. metals have 
17 
similar hardness anisotropy although the degree of anisotropy differs 
with planes and the plane independency is generally held only for low- 
index planes. 
2. Knoop Hardness of Nb-17oZr ,:i 
It is known that the addition of alloying elements has large 
effects on strength, electrical resistivity and other physical and 
mechanical properties.  Usually the strengthening effect observed in 
an alloy is due to the difference in atomic size which causes 
distortion of the lattice.  However, the strengthening effect is not 
20 
ubiquitous for all alloying elements.  Pugh, Amra and Hurd  reported 
the lowering of hardness of tungsten by the addition of up to 5% 
rhenium.  Garfinkle showed similar decrease in KHN of a W-3.27aRh single 
crystal compared to a pure tungsten single crystal. 
Nb-l%Zr single crystals showed a"large increase in strength over- 
pure Nb single crystals. It might be expected to have a similar effect 
on hardness.  Figs. 15 to 18 show the hardness profile of the Nb-l%Zr 
single crystals for various planes.  From these figures it is obvious 
that the increase in hardness is almost homogeneous.  Zr atoms occupy 
substitutional sites and the difference in the atomic radii 
o o 
(Nb:1.43 A, Zr:1.59 A) will cause a compressive strain in the lattice 
site.  Since the amount of Zr is only 1% the distribution is considered 
to be uniform and a homogeneously strengthening effect is expected. 
Quantitatively, the increase in KHN of Nb-l%Zr over pure Nb is around 
60% or 25 KHN units in all directions.  The roughly homogeneous 
strengthening preserves the anisotropic nature of alloying, except 
18 
that the degree of variation of hardness in the same plane is less 
than in pure Nb.  This is in constrast to the increase in the degree 
of variation in hardness of the same plane observed in the alloy 
studied by Garfinkle, which is an example of substitutional alloy 
softening.  But the homogeneity breaks down in the < 100 > direction, 
which has 10 excess units of KHN over other directions.  The same 
phenomenon was also observed by Garfinkle. 
From Table 2, the { 100 } plane still maintains the highest 
anisotropic behavior with R   equal to 1.45 followed by { 110 } , 
-{ 112 } and { 111 } planes with R   equal to 1.283, 1.201 and 1.077 L i L J
   ^ max ' 
respectively. As for the plane independence characteristics in 
hardness, it is not so well behaved as in pure Nb or other reported 
results.  However, the < 100 > direction seems to preserve this 
tendency; although directions of the same family lyingin the same 
plane possess roughly equal hardness. 
In short, the addition of 1% Zr into Nb1 matrix has a large 
increase in hardness; the homogeneity in strengthening breaks down 
in the < 100 > direction; plane independence is not very well obeyed, 
although hardness in the directions of a family lying in the same 
plane retain fairly close hardness. 
3. Knoop Hardness of Deformed Nb Single Crystals 
In addition to alloying, cold working is another effective 
strengthening mechanism.  The data of Vicker hardness of rolled 
texture material in the annealed, recrystalized and as-worked states 
have been reported  in the literature; however, no data have been 
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available to date on the effect of deformation on Knoop hardness 
anisotropy. 
Extensive work has been done and substantial data have been 
generated in the study of work hardening of cubic crystals.  The 
f.c.c. crystals have a well-defined slip system and, because of its 
relative accessibility, knowledge of the work hardening mechanism of 
materials with this crystal structure is fairly well advanced. As for 
b.c.c. crystals, the ill-defined multiple slip systems complicate the 
problem and hence the understanding of work hardening of these 
materials has not yet been well developed.  In general, the resolved 
tensile or compressive stress-strain curve of a single crystal (both 
f.c.c. and b.c.c. crystals) can be divided into three stages of work 
hardening each with different hardening rate. Normally, orientation, 
purity, strain rate, loading sense and temperature will affect the 
irate and extent of the three stages.  However, in all stages, the 
dislocation density increases during the deformation process.  This 
has been supported by transmission electron microscopic studies. 
From dislocation theory, at the onset of plastic deformation in 
stage I, the dislocation motion is confined to the primary slip system 
for both f.c.c. and b.c.c. crystals. Moreover, the number of dis- 
locations present does not increase significantly while the interaction 
among them is weak.  In stage II, secondary dislocations are generated 
and the dislocation density in the secondary slip plane continues to 
increase. Meanwhile, the primary and secondary dislocations begin to 
interact and entangle among themselves and thus increase the 
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resistance to further deformation. Because of the increase in dis- 
location density and interlocking effect, substantial increase in 
hardness will be expected.  In stage III, the applied stress is so 
large that cross slip of screw dislocations facilitate deformation 
until final fracture occurs despite the high density of dislocations. 
Relationship between flow stress a  and dislocation density p can 
be quantitatively expressed as 
o = o± + a G b fp (eq. 2) 
where u±  = the friction stress 
a    = a geometric constant 
G = the shear modulus 
b = the Burgers vector. 
Eq. 2 has been established in the limits of deformation for a wide 
range of crystalline materials. Although some doubts have been raised 
as to the accuracy of the thin film technique used in transmission 
electron microscopy, there is no better technique to directly observe 
dislocations and their distribution,, 
22 Ham  in 1961 presented a random line intercept method (later 
modified by Steeds) to calculate dislocation density from transmission 
electron micrographs.  For the number of dislocation intercepts N in a 
total length of L for a foil thickness t, the density p of dislocations 
is calculated by the relation ^ 
21 
p = 2N / Lt (eq. 3) 
21 Taylor and Christian  reported some quantitative data for dis- 
9 9 location densities of Nb single crystals of 1.25xl07 , 3.45x10 and 
a 
6.27x10 corresponding to the shearing strains of 0.098, 0.15 and 0.23 
for single glide orf the (101) plane.  They also showed that on (211) 
plane glide after 0.196 strain the dislocation density on various 
{ 110 ] planes varied from 3.85xl09 to 5.32x10 .  This suggests that 
the increase in dislocations in a fixed plane is proportional to strain, 
while at a given strain, the dislocation density varies slightly with 
the orientation of the planes. With this information the hardness 
behavior may be predicted. 
The initial and final orientations of deformed crystals in this 
research with the corresponding load-strain curves are shown in Figs. 
19 and 20, respectively.  Figs
-
._j21__tp__
-
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profiles of { 100 } , { 110 } , { 111 } and { 112 } planes of the 
standard triangle and the primary slip plane.  From load-strain curves, 
crystals Dl, D2 and D4 are in stage I while D3 is in stage II.  The 
final orientation of D2 is in the vicinity of the [ 001 3 ~ t 101 ] 
symmetry boundary.  Therefore secondary slip is ready to operate. As 
for D3, the final orientation has already overshot that boundary which 
implies that secondary slip is active. 
From the above information we may predict the hardness due to the 
increase of dislocations.  If the work hardening effect is proportional 
to strain or stress, it is reasonable to predict that the Knoop hardness 
of all planes cut from deformed crystals should be higher than that of 
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slightly deformed crystals.  It is generally true that the deformed 
crystals have higher hardness than the undeformed crystals in any 
particular direction and plane. In the D3 crystal with.about 24% strain, 
a large increase in hardness is clearly indicated.  The relative 
increase is comparable to the effect of 1%  Zr in Nb, but the homogeneity 
characteristic does not prevail for all planes.  The increase varies 
from 15 to about 30 KHN units. This clearly indicates the nonuniformity 
of dislocation distribution.  For crystals deformed to stage I, the 
increase in hardness varies from 2 to less than 10 KHN units. Again 
this implies inhomogeneity of dislocation distribution and slight 
increase in dislocation density in stage I, but shows that the hardness 
profiles are generally retained. 
According to dislocation theory, Knoop hardness of all planes cut 
from D2 should be higher than those cut from PL. This is generally 
true for { 100 } and { 111 } planes, but not quite true for { 110 } and 
{ 112 } planes.  In the latter two planes the hardness numbers in some 
directions are even lower than those of Dl.  This anomalous behavior 
may be explained as follows. As stated earlier, in stage I, the 
increase in hardness is relatively small owing to the small amount of 
dislocations.  The softening in some directions might be attributed to 
the motion and rearrangement of local dislocations as a result of 
21 
deformation.  It is believed  that in stage I the true hardening 
behavior of crystals is sometimes partially masked by a work-softening 
effect which may be caused by the collapse of dislocation structure 
formed in stage 0.  It has been hypothesized, though not well accepted, 
23 
that the screw dislocations which are formed during stage 0 cross 
slip and annihilate during stage I.  Since in Nb the { 110 } and{ 112 } 
planes are prospective slip planes, the hardness in some directions 
Tfill decrease instead of increasing as a consequence of the collapse 
of the already grown-in dislocations. Another possible explanation is the 
rotation of the crystal axis which may cause geometrical softening. 
In general, the hardness anisotropy on { 100 } and { 111 } planes 
of a deformed crystal is relatively comparable to an undeformed crystal. 
Owing to the possible local dislocation configuration in the prospective 
slip planes such as the { 110 } and the { 112 } planes, the hardness 
behavior in these two planes deviates from that of an undeformed crystal. 
More important is that for all deformed specimens, the < 100 > direction 
still possesses the highest hardness and the < 110 > direction the least. 
This shows that the crystal geometry has a dominating effect on the 
hardness anisotropy although dislocation distribution may have an 
important influence. 
As mentioned previously, the dislocation density for a fixed percent 
of deformation varies with the orientations of the planes of a family. 
This effect is shown in Fig. 24 for the primary slip planes which are 
(112) for Dl and D2, (211) for D3 and (112) for Dl, D2 and D3 show low 
hardness in most of the directions with respect to the plane in the 
standard triangle, i.e., (112).  For D3 the softening in the primary 
slip plane can be explained by the fact that in stage II a large 
increase in the secondary dislocations occurs in the plane other than 
the primary slip plane.  Because of this, the primary slip plane of a 
24 
crystal in stage II deformation will have low hardness as compared to 
other planes of different orientations.  But this explanation cannot be 
applied to Dl.  Since in stage I, the dislocation density is higher in 
the primary slip plane than in the secondary slip plane.  Logically the 
hardness in the primary slip plane should be higher, but this is"%iot 
observed in the present investigation.  On the contrary, a lower hard- 
ness in the primary slip plane is observed, while for D2 and D4 a 
combination of the phenomena of both Dl and D3 is obtained. What 
causes the abnormal behavior is not understood. 
From stereographic projection,planes (112) and (112) of Dl, D2 and 
D4 have a common < 110 > direction.  The hardness values are very close 
in this direction. For the <lll>direction, both the direction and the 
plane are different and hence the hardness in this direction should vary 
if dislocations play a major role.  In actuality, only D2 shows the 
difference.  For D3, the two planes have no common direction and the 
hardness profile indicates different results except in the < 111 > 
direction where both planes have almost the same results. 
Fig. 25 depicts the relation between KHN and elongation for the 
maximum hardness direction, < 100 > , and the minimum hardness directions, 
< 110 > , in the { 100 } and the { 110 } planes. The curves are very 
similar to the resolved stress-strain curve of a cubic crystal. This 
brings out the variation of hardness with the flow stress as well as 
the strain. 
To sum up, for deformed crystals, the Knoop hardness profile in a 
particular crystallographic plane retains a similar^trend as that of 
\ 
25 
an undeformed crystal; because of dislocations, plane independence 
is no longer valid; the contribution of dislocations to hardness 
depends on the density and local distribution; the competition between 
the effect of crystal geometry and dislocation distribution shows that 
crystal geometry plays a dominating part, on the basis of the present 
study. 
26 
IV. Conclusion 
Based on the experimental results obtained in the present ' 
investigation, the following conclusions can be drawn: 
(1) For pure Nb, the Knoop hardness behavior is in agreement with the 
results reported previously. 
(2) The addition of 1% Zr in pure Nb matrix results in a great increase 
in hardness over pure Nb.  The increase is about 60% or 25 KHN units 
and is fairly homogeneous except in the < 100 > direction. 
(3) For deformed crystals, the Knoop hardness behavior maintains a 
trend similar to that of the undeformed crystal.  The increase in 
hardness is related to the flow stress, strain and the primary and 
secondary dislocation density and their distribution. 
(4) The direction dependence and plane independence in Knoop hardness 
are observed in both pure Nb and Nb-l%Zr undeformed single crystals. 
For deformed crystals these two characteristics are modified. 
(5) For deformed crystals in stage I, the hardness behavior is not 
satisfactorily explained by dislocation theory.  This may be due 
to the competition between the inherent material properties and the 
low density of mobile primary dislocations. In stage II, the hard- 
ness behavior can be explained by dislocation theory. 
(6) For further study, it is highly desirable to use transmission 
electron microscopy to reveal the actual structure by which dis- 
locations contribute to the hardness measured in a specific 
direction on a given plane. 
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REFLECTOR 
PLATE 
MO BLOCK -- 
REFLECTOR 
PLATE 
-=,      ,    , FLEXIBLE 
B        l* 7-^FILAMENT 
TO VARIABLE 
SPEED  MOTOR 
FIGURE  1.     A SKETCH OF FLOATING ZONE 
MELTER,   (FROM PFANN23). 
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Cb-Zr     Columbium-Zirconium 
Atomic  Percentage  Zirconium 
20 30 40 50 60 70 80 90 
400 
Cb        10        20       30       40       50       60       70       80       90       Zr 
A. G. Knopton Weight Percentage Zirconium 
FIGURE 3.     Cb   (Nb)   - Zr EQUILIBRIUM PHASE 
DIAGRAM,    (FROM METAL HANDBOOK). 
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FIGURE 4.  JIG FOR COMPRESSION TEST. 
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FIGURE 5.  IAUE BACK-REFLECTION PATTERN 
( 100 ) PLANE. 
FIGURE 6.  IAUE BACK-REFLECTION PATTERN 
( 110 ) PLANE. 
36 
FIGURE 7.  IAUE BACK-REFLECTION PATTERN 
( 111 ) PLANE. 
FIGURE  8.     IAUE BACK-REFLECTION PATTERN 
( 112  )  PLANE. 
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FIGURE  9.     IAUE  BACK-REFLECTION  PATTERN OF 
A DEFORMED  CRYSTAL,   CLOSE TO 
(  110  )   PLANE. 
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FIGURE  10.     A TYPICAL KNOOP  INDENTATION 
OF SINGLE CRYSTAL 133 x. 
(FLOW LINES  REVEAL THE SLIP 
TRACES AS A RESULT OF 
PLASTIC DEFORMATION.) 
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FIGURE 19. STEREOGRAPHIC PROJECTION OF THE ORIEN- 
TATIONS OF THE DEFORMED CRYSTALS.  0 AND 
P" ARE THE INITIAL ORIENTATION AND 
PRIMARY SLIP PLANE OF Dl, D2 AND D4 
CRYSTALS; 0» AND P' OF D3; 1,2,3, AND 4 
ARE THE FINAL ORIENTATIONS OF THE 
CORRESPONDING CRYSTALS. 
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